In this study, a mixed model method using trait phenotype and marker information was developed for genetic evaluation of animals in a crossbred population originated from several founder genetic groups. The situation in which a cluster of QTLs is located in a particular chromosome region and is marked by two flanking markers is considered. With this method, the conditional expectation of the identity-by-descent proportion for the QTL-cluster marked and the genetic variances and covariances, given genetic group and marker information, are properly taken into account. The structure of segregation variance used in this method is different from that in the case of a single QTL marked. The current method provides best linear unbiased estimation of the relevant fixed effects and best linear unbiased prediction of the additive effects for the QTL-cluster marked and of the additive effects of the remaining polygenes. A small numerical example is given to illustrate the current prediction procedure.
INTRODUCTION
The best method to predict additive genotypic values or breeding values of candidate animals in selected populations is known to be the mixed model method of Henderson (1973 Henderson ( , 1975 Henderson ( , 1984 . The mixed model method is able to handle the general situations with complex data: various non-genetic effects affecting records, missing records, related and inbred animals, non-random mating, selection and/or overlapping generations. Application of the mixed model method requires modeling genetic means, variances and covariances. The genetic group theories to account for heterogeneous genetic means among groups under additive inheritance (Thompson, 1979; Quaas, 1988; Westel et al., 1988) and to take account of heterogeneity of (co)variances (Elzo, 1990; Lo et al., 1993) were presented for situations where only trait phenotypic information can be used.
For situations where information on DNA markers linked to quantitative trait loci (QTLs) is available in outbred populations, a variety of mixed model methods have recently been developed for marker-assisted selection (e.g., Fernando and Grossman, 1989; Cantet and Smith, 1991; Hoeschele, 1993; van Arendonk et al., 1994; Saito and Iwaisaki, 1996; Saito and Iwaisaki, 1997a,b; Saito et al., 1998; Matsuda and Iwaisaki, 1998) . In outbred populations where there is linkage equilibrium at the population level between markers and QTLs, marker information does not provide information about expectations of breeding values, and therefore only the information on the transmission of marker alleles within a family is utilized in the mixed model methods. On the other hand, in crossbred populations originated from multiple founder genetic groups or multi-group populations, genetic means and (co)variances are dependent on marker information, since there is linkage disequilibrium at the population level. For this situation, Goddard (1992) developed a mixed model method based on the genetic group theory assuming use of marker information, but his model for variances does not properly account for heterogeneous variances among groups and for the segregation variances between groups. Wang et al. (1998) presented a theory to appropriately accommodate heterogeneous genetic means and (co)variances to multi-group populations.
The models of Goddard (1992) and Wang et al. (1998) treat situations with a single QTL linked to marker(s). Another situation is that a cluster of QTLs is located in certain chromosome region, as indicated, e.g., by Coe (1997, 1998) . For this situation, the models of Iwaisaki (1998, 2000b ) may be suitable. However, those models were developed for genetic evalua-tion of animals in outbred populations. The purpose of this study was to develop a mixed model approach to predicting the QTL-cluster effects and total breeding values for marker-assisted selection in multi-group populations, assuming the situation where a cluster of QTLs is marked by two flanking markers.
THEORY AND METHODS
We consider a situation of marker-QTL association, as illustrated in Fig. 1 , in which a cluster of QTLs is positioned in some region of a chromosome and is bracketed by two marker loci. The population of concern is assumed to comprise animals from several founder genetic groups (1, 2, b, ) such as breeds or strains in which there is linkage equilibrium. Founder animals are supposed to be unrelated and non-inbred. It is assumed herein that linkage phases between the markers are known and the parental origin of marker alleles can be determined.
For animal i, representing the additive effects of the marked cluster of QTLs (MQTLs) received from the parents by v i 0 and v i 1 and the total additive effect for the remaining QTLs (RQTLs) by u i , the total breeding value a i is expressed as
Then the mixed linear model to describe observations is written in matrix notation as y Xb Z u Z v e Xb X g X g Z u * Z v * e,
where y is the vector of observations, b is the vector of fixed effects including discrete variables and/or covariates, g u and g v are the fixed vectors of expectations of RQTLsand MQTLs-additive effects for genetic groups, respectively, u * and v * are the random vectors of the deviations from the corresponding expectations of RQTLs-and MQTLs-additive effects, respectively, e is the random vector of residual effects, and X, X u , Z v , Z u and Z v are known incidence matrices pertaining to b, g u , g v , u * and v *, respectively.
Since in the population of concern there is linkage disequilibrium between markers and MQTLs at the population level, the expectation and dispersion parameters for where A u is the covariance matrix for RQTLs-effects, G v is the covariance matrix for MQTLs-effects, given genetic group information (denoted as B) and marker information (M), orVar (v BM , I is an identity matrix, and σ e 2 denotes the residual variance component. Here, note that the incidence matrix X u and the covariance matrix A u can be easily constructed using the conventional genetic group theory (Thompson, 1979; Quaas, 1988; Westel et al., 1988) and the usual covariance theory for multi-group populations (Elzo, 1990; Lo et al., 1993) , given trait phenotype information.
The elements of the incidence matrix X v and the covariance matrix G v , on the other hand, can be set up using the conditional expectation of genetic group composition for MQTLs in gamete k i for animal i, given B and M. The conditional group composition for MQTLs is represented by the expectation of the proportion of identity-by-descent (IBD) for MQTLs shared by a non-founder animal and a founder animal of genetic group b. Then, let the chromosome region marked by flanking markers where MQTLs are located be 0 ≤ t ≤ l, and the length of the region from the origin at which the kth crossover occurred be S k . For this situation, the paternal or maternal chromosome of an offspring can be represented by a time-continuous, twostate Markov chain g t ( ) , that is referred to as the gametogenesis process (Guo, 1994b (Guo, , 1995 , as follows:
where C is a random variable and takes values 0 and 1 with equal probability for the father's or the mother's paternal chromosome and for the father's or the mother's maternal chromosome, respectively, at any point t along the chromosome region, and the time parameter is the map distance along the chromosome. Since all meioses are independent, all the gametogenesis processes in a pedigree are also independent and stochastically identical. So, we have the transition probability matrix for g(t), as follows: ( ), given B and M, is yielded as 
applying the approach of Guo (1994a Guo ( ,b, 1995 D are mutually exclusive, as stated by Guo (1994a Guo ( ,b, 1995 . Thus, given B and M, using the conditional composition for MQTLs associated with genetic group origin, the expectation for MQTLs-effects is expressed as
where g vb is the mean of MQTLs-effects in genetic group b.
The variances of MQTLs-effects that are diagonal elements of the covariance matrix G v are given as follows: For the details of the derivation, especially for the segregation variance, see Matsuda and Iwaisaki (2001) . In a brief description, we now consider the additive effects of the alleles at the kth locus for a finite number of linked QTLs (denoted as v i k ki , ; k = 1, 2, nl), as considered by Perez-Enciso and Varona (2000) . Then, given B and M, the variance is approximated as
where w kk' is the variable that denotes genetic group origin of each allele at two loci k and k', p i b ki , is the probability that the locus k in the gamete k i for animal i originates from genetic group b, p i
is the probability that in the gamete k i , the loci k and k' originate from genetic group b and b', respectively, σ vb 2 denotes the variance of MQTLseffects in genetic group b, and σ vSbb' 2 represents the segregation variance of MQTLs-effects for genetic groups b and b'. Extending this to the model with an infinite number of loci, we have for the whole segment, whose conditional expectation is given as 
NUMERICAL ILLUSTRATION
Using a few data given in Table 1 , we illustrate how the current method (denoted as C-BLUP) can be applied for genetic evaluation of animals in a multi-group population. The pedigree consists of ten animals with two founder genetic groups, say, breeds B 1 and B
= , where the subscripts 1 and 2 refer to breeds B 1 and B 2 , respectively, and the subscript S represents the segregation. The map distance between the flanking markers is supposed to be 10cM. When one side of the flanking markers is non-informative, information from the other side with an informative marker is used.
The (i, b)th element of the incidence matrix X v is obtained as Wang et al. (1998) , in which the situation with a single QTL marked is considered. Eq. (8) does not account of the additional segregation variance in the case where more than three founder genetic groups are involved, but such variance would be negligible when the map distance between flanking marker loci is reasonably short. The off-diagonal elements of G v are written as the conditional covariance, which can be obtained as the summation of the values of the expectation of IBDP for each genetic group weighted by the corresponding variance:
where 0 1 1 1 0 0017 1 9967 0 0033 0 0 2 2 1 1 1 1 9983 0 0033 1 As a result, we obtain:
. . For off-diagonal elements of G v , for instance, the covariance between gamete 1 of animal 6 and gamete 1 of animal 8 is written using eq.(10) as Table 2 . The covariance matrix A u for RQTLs-effects and the incidence matrix X u are yielded as Solving eq.(11) constructed with these incidence and covariance matrices gives the solutions to the current fixed and random effects. For the present example, however, we have large absolute values of the solutions to the fixed effects, which is due to multi-colinearity associated with "genetic groups" in the model for the very small example worked. This type of phenomenon was already noted, e.g., by Van Vleck (1990) and Cantet and Fernando (1995) . For the random effects, predicted total breeding values deviated from the corresponding expected values for breeds, or ˆ*ˆ*ˆ* u v v
, are shown in Table 3 together with those obtained by the usual procedure of Cantet and Fernando (1995) 2 . These results demonstrate that use of a more sophisticated approach like the current C-BLUP leads to a ranking of animals different from that based on U-BLUP without the use of any marker data. a) C-BLUP: the current method; U-BLUP: the conventional method of Cantet and Fernando (1995) .
DISCUSSION
For the mixed model methods for outbred populations such as Fernando and Grossman's (1989) procedure, since in the populations there is gametic equilibrium at the population level between marker loci and the marked QTL, the IBD probability for the QTL is utilized in the modeling of genetic (co)variances, and the expected value of the QTL effects is assumed to be zero. In contrast, in crossbred populations that originated from several founder genetic groups such as breeds or strains where there exists linkage disequilibrium between markers and the QTL, data on the individual's marker genotypes provide information about the breeding value of the individual, as stated by Ollivier (1998) . Furthermore, in the case of crossbred populations, there are differences in the variances of the QTL effects originated from different genetic groups. Hence, genetic evaluation of animals in such a crossbred population requires appropriately modeling all the genetic means, variances and covariances. Assuming a situation in which a single QTL is marked by one marker, accordingly, Wang et al. (1998) developed the mixed model approach to providing predicted breeding values for marker-assisted selection properly.
This study concerns genetic evaluation using trait phenotype and flanking marker information in a crossbred population. Our method provides BLUEs of relevant fixed effects and BLUPs of the additive effects of a cluster of QTLs bracketed by two markers and of the effects for remaining polygenes. It has been indicated that part of the QTLs controlling some quantitative traits are located as very tightly linked multiple QTLs in a chromosome region of limited length (e.g., Coe, 1997, 1998) . Here, we use the conditional expectation of the IBD proportion for MQTLs associated with originating from a particular founder genetic group, representing the marked chromosome region of the animal by a time-continuous, two state Markov chain where the time parameter is the map distance along the chromosome (Guo, 1994a (Guo, ,b, 1995 and using the resulting stochastic integral. In this prediction method, the proper structures of genetic means and (co)variances at the MQTLs level are taken into account. The segregation variance used for MQTLs is different from that of Wang et al. (1998) who considered the case of a single QTL marked. One should note that the model of the current type is also regarded as a model to predict 'the effects of the chromosome region marked', regardless of the number of QTLs included in the region. Using a deterministic sampling technique to numerically evaluate the expected log-likelihood surfaces of models (Mackinnon et al., 1996) , Matsuda and Iwaisaki (2000a) showed that for situations where a single QTL or multiple QTLs more than two are positioned in a chromosome region of 20 cM bracketed by two markers, the current model fitting the effects of QTL-cluster yielded the unbiased prediction of 'the effect of the marked region', while the single-QTL model applied to such multi-QTL situations led to the biased prediction in certain cases.
This study assumes the situation where flanking marker information is available. Especially in the crossbred populations where loci are not fixed in the founder genetic groups, it is likely that marker data are partially informative, and consequently use of only the flanking marker information does not extract the maximum information on the QTL segregation. In such cases, information on upstream markers outside the interval marked by flanking markers can also be used, as suggested by Matsuda and Iwaisaki (2000b) . However, we assume here that marker linkage phases are known. Hence, we also need to accommodate the current method to situations where the linkage phases between markers are unknown, using information about all the markers on the chromosome. For this purpose, Markov chain Monte Carlo approximation could be utilized to set up the covariance matrix G v for MQTLs-effects, as Grignola et al. (1996) applied the approach to the mapping of a single putative QTL.
Application of the current method necessitates knowledge of the location of MQTLs and the components of variances. If these are unknown, then one approach would be to conduct interval mapping using certain procedures such as the restricted maximum likelihood (Patterson and Thompson, 1971 ) under the present model (2). Perez-Enciso and Varona (2000) suggested that segment mapping is useful to detect the chromosome region where linked QTLs are located, using an approach similar in concept to the current approach and applying it to F 2 crosses between outbred lines. The interval mapping under model (2) can take account of genetic variation within each group in addition to differences in genetic means among the groups and therefore is expected to improve the power of the QTLs detection, compared to the interval mapping methods accounting for only the heterogeneous genetic means or only the heterogeneous genetic variances (Perez-Enciso and Varona, 2000) .
The estimated values of the parameters can then be used in place of the true values. In such cases, the current method yields the empirical BLUPs of the genetic effects. 
